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We report on nonequilibrium transport measurements in a high-mobility two-dimensional electron system
subject to weak magnetic field and dc excitation. Detailed study of dc-induced magneto-oscillations, first ob-
served by Yang et al., reveals a resonant condition that is qualitatively different from that reported earlier. In ad-
dition, we observe dramatic reduction of resistance induced by a weak dc field in the regime of separated Landau
levels. These results demonstrate similarity of transport phenomena in dc-driven and microwave-driven systems
and have important implications for ongoing experimental search for predicted quenching of microwave-induced
zero-resistance states by a dc current.
PACS numbers: 73.43.-f, 73.43.Qt, 73.21.-b, 73.40.-c, 73.50.Pz, 73.50.Fq
Nonequilibrium magnetotransport in very high Landau lev-
els (LLs) of two-dimensional electron systems (2DESs) is of
intense current interest. Major efforts, both theoretical and
experimental, have been directed toward microwave photore-
sistance phenomena, such as microwave-induced resistance
oscillations1,2 (MIRO) and zero-resistance states3,4 (ZRS).
Conversely, other novel effects observed in 2DESs, not irra-
diated by microwaves, have not received due attention. These
include magneto-oscillations from interface acoustic phonon
scattering5 and those from Zener tunneling between tilted
LLs,6 both relying on large-angle scattering required by mo-
mentum and/or energy conservation.
Experimentally, MIRO appear in photoresistance,
∆R(ω, B) ≡ R(ω, B) − R(0, B) ∝ sin(2πω/ωc), where
ω = 2π f is the microwave frequency, ωC = eB/m∗ is the
cyclotron frequency of an electron, and B is the magnetic
field. MIRO were initially explained in terms of impurity
scattering,7,8,9 but it is currently believed that the electron
distribution function effects play a dominant role.10 The fact
that MIRO minima evolve into ZRS is linked to microscopic
negative resistivity and its instability, which results in for-
mation of current domains.11 While the concept of negative
resistivity has recently found some support in bichromatic
experiments,12 the conjecture that ZRS only exist below some
critical current density11 has not been experimentally verified.
To systematically approach this problem, it is important
first to better understand the effects of the dc current on
2DESs without microwaves, as it itself can strongly modify
magnetotransport properties.6
In this paper we report on magnetotransport measurements
in a high-mobility 2DES under dc current excitation driv-
ing the system into a nonequilibrium state. Our sample was
cleaved from a symmetrically doped GaAs/Al0.24Ga0.76As
300-Å-wide quantum well grown by molecular beam epitaxy.
A Hall bar mesa of a width w = 100 µm was fabricated using
photolithography. Ohmic contacts were made by evaporating
Au/Ge/Ni and thermal annealing in forming gas ambient. The
experiment was performed in a 3He cryostat, equipped with
a superconducting solenoid, at a constant coolant temperature
T ≃ 1.5 K. After illumination with visible light, electron mo-
bility µ and density ne were ≃ 1.2×107 cm2/Vs and 3.7×1011
cm−2, respectively. The differential resistance r(I, B) ≡ dV/dI
was measured using low-frequency lock-in amplification both
in changing B at fixed dc current I and in changing I at fixed
B.
By analogy with microwave-driven 2DESs, we express the
resistance under dc excitation as R(I, B) ≡ R(0, B)+∆R(I, B),
where R(0, B) is the linear-response resistance and ∆R(I, B)
is the dc-induced, nonlinear change. The latter translates to
∆r(I, B) = ∂I[I∆R(I, B)]B. In the original work by Yang
et al.6 it was found that ∆r acquires oscillations as a func-
tion of ǫ = 2RC/∆Y, owing to the commensurability of two
length scales− the cyclotron diameter 2Rc = 2vF/ωc (vF is
the Fermi velocity) and the inter-LL spacing ∆Y = ~ωC/eE
(E = IB/enew is the Hall field). After mapping these length
scales onto energy scales, one obtains ǫ = ωH/ωC, where
~ωH = γ~(2π/ne)1/2I/ew is the energy associated with the
Hall voltage drop across the cyclotron orbit and γ ≃ 2 is the
fitting parameter. Notice that for a given sample ωH is con-
trolled by I only. Oscillations were explained in terms of
large-angle elastic scattering between Hall field-tilted LLs,6
and, for brevity, will be referred to as Hall field-induced resis-
tance oscillations (HIRO). Recently, HIRO were observed in
independent experiment.13
Experiments in dc-driven 2DESs are unique, and thus im-
portant, in several respects. First, one can easily cover a wide
“frequency” range (in this study, 0 ≤ ωH/2π ≤ 120 GHz) and
perform controlled “frequency” sweeps, which are difficult in
microwave experiments. Second, one can easily explore the
regime of ǫ → 0, which normally would require B →∞. Fi-
nally, a dc-driven 2DES appears intrinsically simpler (e.g., in-
tensity, reflection, etc. are absent), so one expects more trans-
parent comparison with theory.
In Fig. 1(a) we present differential magnetoresistance r
measured at I = 80 µA (ωH/2π ≃ 65 GHz) which shows
HIRO up to fifth order. From these data we extract the dc-
induced correction ∆r which is plotted in Fig. 1(b) as a func-
tion of ǫ. According to the method developed for analysis of
MIRO waveforms,14 the period is determined from the higher-
ǫ oscillations and the phase is obtained by extrapolation to
ǫ = 0. Using m∗ = 0.0635m0 obtained in a separate MIRO ex-
periment, this procedure yields γ = 1.9, which falls in the
middle of a rather wide range (1.63 to 2.18) of γ reported
earlier.6,13 The result is plotted as a dark curve showing that∆r
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FIG. 1: (color online) (a) Differential resistance r(B) at I = 80 µA.
(b) Correction to differential resistance ∆r(ǫ) extracted from (a) using
γ = 1.9 [red (dark)] and γ = 2.0 [gray (light)].
maxima (minima) occur close to integer (half-integer) ǫ. This
is qualitatively different from previous reports6,13 which as-
cribed maxima in total resistance to integer ǫ.15 For later com-
parison with theory, the gray curve is plotted in Fig. 1(b) using
γ = 2.0; while the first peak appears at ǫ ≃ 1, the phase shift
accumulates with ǫ.
The difference between the resonance condition obtained
here and that in the earlier reports is likely to reflect different
sample quality and procedures used to analyze the data. While
both methods can reasonably describe low-order oscillations,
it was previously shown14 for MIRO that extracting the period
and phase from the higher-order oscillations is more reliable.
These oscillations, however, may remain unresolved in lower-
mobility samples, such as those used in early experiments. We
also note that the measured value of the effective mass is a few
percent lower than the usually quoted value of 0.067m0.16 Al-
though similar mass reduction was recently observed in other
laboratories using different samples and setups,14,17 its origin
remains unclear and presents an interesting problem for future
studies.
We now turn to the discussion of the data recorded at fixed
B while sweeping I18. In Figs. 2(a) and 2(b) we plot ∆r(ǫ),
obtained in I sweeps at B = 416 and 732 G, respectively,
for γ = 1.9 [dark (red)] and γ = 2.0 (gray). For γ = 1.919
we again observe that apart from small deviations at ǫ . 1,
the positions of ∆r(ǫ) maxima (minima) are well described
by integer (half-integer) ǫ. The observed slower decay of
HIRO is presumably explained by a constant Dingle factor
δ = exp(−π/ωCτq), which dominates the decay in B sweeps
such as that shown in Fig. 1(b). As called for by further anal-
ysis, we estimate quantum scattering time τq from the Dingle
plots shown in Fig. 2(c) for the first four maxima [solid (red)
circles] and minima [open (blue)]. Solid lines corresponding
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FIG. 2: (color online) Correction to differential resistance ∆r(ǫ) ob-
tained in I sweeps at fixed B = 416 (a) and 732 G (b) using γ = 1.9
[dark (red)] and γ = 2.0 [gray (light)]. (c) ∆r(1/ωC) at the first
four (k = 1, 2, 3, 4) maxima [solid (red)] and minima [open (blue)].
Lines correspond to τq ≃ 20 ps, consistent with the decay in Fig. 1.
to τq ≃ 20 ps describe the data reasonably well. This value is
also consistent with the decay observed in Fig. 1(b).
Now we turn our attention to a further experimental regime
in dc-driven 2DESs, i.e., ωH < ωC and 2Γ < ~ωC, which is par-
ticularly relevant for the ongoing search for the domain cur-
rent associated with microwave-induced ZRS. In Fig. 3(a) we
present differential magnetoresistance under relatively weak
dc excitation, I = 20 µA (ωH/2π ≃ 16 GHz) plotted to-
gether with the zero-bias trace. While only one HIRO peak
is resolved (see ↓), dramatic reduction in r is observed at
ωC > ωH . One immediately notices a striking similarity to
the microwave-induced suppression of resistance recently ob-
served at ωC >ω,20,21,22 which was related to intra-LL absorp-
tion.
dc-induced suppression is best studied in I sweeps which
allow easy access to small ǫ. The data obtained at selected
B (from 0.75 to 1.75 kG, in 0.25 kG steps) are plotted in
Fig. 3(b). As B increases, the first minimum in ∆r becomes
deeper and shifts to smaller ǫ. Figure 3(c) shows that to-
tal resistance, plotted as a function of ωH , is suppressed by
about a factor of 5. One also observes that the width of
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FIG. 3: (color online) (a) Differential magnetoresistance r(B) at I =
20 µA. (b) Correction to differential resistance ∆r(ǫ) obtained from I
sweeps at fixed B (0.75 to 1.75 kG in 0.25 kG steps). (c) Normalized
total resistance ∆R(ωH)/R0 reconstructed from data in (b). Vertical
line marks LL width 2Γ = ~/τq = 380 mK. (d) Vertical arrows mark
the first minimum (maximum) at ǫ ≃ 1/2 (ǫ ≃ 5/4) in ∆R(ǫ)/R0.
the zero-bias peak becomes smaller and seems to saturate at
higher B. These observations can be linked to growing sup-
pression of scattering within one LL, as its real-space width
2Γ/eE approaches and eventually becomes smaller than 2RC
[cf. Fig. 4(c)]. The crossover point ~ωH =2Γ=~/τq is marked
by a vertical dashed line in Fig. 3(c), in good agreement with
the half-width of the zero-bias peak. With proper theoretical
input, this might provide a convenient way to extract τq.
We now convert the horizontal axis to ǫ and replot the data
in Fig. 3(d). While the minimum becomes wider and deeper
with increasing B, i.e., with increasing separation of LLs, it
remains roughly centered at ǫ ≃ 1/2 (see ↓). This marks the
middle of the region 2Γ . ωH . ωC − 2Γ, where both intra-
and inter-LL transitions are strongly suppressed [cf. Fig. 4(d)].
At higher ωH , inter-LL scattering increases and the resistance
starts to grow peaking at ǫ ≃ 5/4 (see ↑).
To qualitatively explain our observations we propose a
simple model based on impurity scattering, used to explain
MIRO,7 modified for strong dc-excitation. The local current
density Jy, which enters the resistivity ρxx≃ρ2xyσyy≃ρ2xyJy/E,
is given by
Jy(r) = −2πe
∫
dε d2∆r[ f (r, ε) − f (r′, ε)]
× ν(r, ε)ν(r′, ε)M(r, r′)∆y. (1)
Here, ε is the energy of an electron, r (r′) is its initial (final)
position, ∆r≡r′−r≡ (∆x, ∆y), f (r, ε) is the distribution func-
tion, ν(r, ε) is the local density of states (DOS), and M(r′, r)
is the scattering rate with the DOS factored out. The dc cur-
rent along x direction induces Hall electric field E which tilts
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FIG. 4: (color online) (a) gray curve is calculated correction to differ-
ential resistance for ωCτq = 4 and γ = 2. Dark (red) curve is obtained
by compressing ǫ axis by 5% to simulate γ = 1.9. (b) Same as (a),
but for ωCτq = 10. (c) and (d) show density of states (DOS) (Landau
levels) at ωH ≃ Γ/~ and ωH ≃ ωC/2, respectively. Horizontal ar-
rows (length is equal to cyclotron diameter) represent characteristic
electron transitions.
the LLs in the y direction: ε≃ ~ωC(N + 1/2)− eEy and there-
fore f (r′, ε) = f (r, ε− eE∆y), ν(r′, ε) = ν(r, ε− eE∆y). For
simplicity, we assume constant M, limit hopping distance to
≤ 2RC, and consider overlapping LLs, ν(ε) = (m∗/2π~2)[1−
2δ cos(2πε/~ωC)], with δ= exp(−π/ωCτq). At kBT & eE(2RC),
f (ε) is a slow function and f (ε)− f (ε−eE∆y) ≃ −∂ε f (ε)eE∆y.
After the integration of Eq. (1), correction to differential resis-
tivity is found to be
∆r
rD
= −
4δ2
π2ǫ2
[
(4π2ǫ2 − 9)J2(2πǫ) + 4πǫJ1(2πǫ)
]
, (2)
where ρD is the Drude resistivity at B = 0 and Jk(x) is the
Bessel function.
In Fig. 4(a), we plot the relative correction to the differen-
tial resistance, extracted from Eq. (2), defined as (rxx − r0)/r0,
where r0 = rD(1 + 2δ2), for τqωC = 4 using γ = 2 (gray) and
γ = 1.9 [dark (red)]. Comparison with experimental traces
in Fig. 2(b) shows good agreement in terms of the period, the
phase, the amplitude (rD = ρD ∼ 1 Ω), and the slow decay
with ǫ.
To see if the model also catches the suppression in the
regime of separated LLs, we describe the DOS by a sum of
Lorentzians, broadened by Γ, and integrate Eq. (1) numeri-
cally. The result, presented in Fig. 4(b) for ωCτq = 10, shows
qualitative agreement with experimental data [cf. Fig. 3(b)].
We therefore conclude that the proposed model manages to
capture the main experimental features in both regimes. It is,
however, very desirable to develop a systematic theory which
would also examine the role of nonequilibrium function ef-
fects.
4It is interesting to compare MIRO and HIRO from experi-
mental and theoretical perspectives. Experimentally, the two
phenomena exhibit a great deal of similarity, exploiting peri-
odicity of the electronic spectrum of very high LLs and re-
lying on inter-LL transitions. In addition, in the regime of
separated LLs, both microwave and dc excitations can induce
strong suppression in resistance. On the other hand, theoret-
ically, MIRO are currently best understood by assuming only
smooth disorder, while HIRO require sharp scatterers to ac-
count for 2RC transitions. It would be interesting to see if a
theory treating both phenomena on the same footing becomes
available.
In summary, we have studied magnetotransport in high-
mobility 2DESs driven by dc electric fields in the regimes of
overlapped and separated LLs. A systematic study of Hall
field-induced resistance oscillations revealed resonant condi-
tion where maxima in the differential resistance occur close
to integer values of ǫ, which qualitatively differs from pre-
vious reports. In the regime of separated LLs and relatively
weak dc excitation we have observed dramatic suppression of
resistance which hints at the possibility of dc-induced zero-
resistance states. Both findings suggest phenomenological
similarity of magnetotransport in dc-driven and microwave-
driven 2DESs, prompting the question of whether these two
effects are closely related. A simple model relying on large
momentum transfer is able to account for the main experi-
mental observations but detailed theoretical study is needed
to identify other possible mechanisms. It is particularly inter-
esting to see if a theory which can treat both microwave and dc
excitations within a single framework becomes available. Fi-
nally, since even small dc currents strongly modify transport
properties, dc-induced effects warrant serious consideration in
relation to the ongoing search for the critical current theoreti-
cally ascribed to microwave-induced ZRS.
Recently we learned about a report on dc current-induced
suppression of resistance23 which was attributed to the effect
of a nonequilibrium distribution function, as opposed to the
impurity scattering processes advocated in the present work.
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